Colony stimulating factor-1 receptor (CSF1R) plays important roles in the differentiation and proliferation of macrophage and microglia in systemic organs and the brain. A genetic defect in CSF1R causes hereditary diffuse leukoencephalopathy with spheroids (HDLS). HDLS mainly affects the cerebral white matter and shows pre-senile cognitive decline, motor disturbance, and epilepsy. However, systemic manifestations outside the brain have not yet been described in patients with HDLS. Here, we report the case of a 41-year-old man with HDLS carrying the p. K793T mutation in CSF1R, who unexpectedly died of sepsis and hemophagocytic syndrome shortly after the onset of HDLS. The fetal sequence of sepsis and hemophagocytic syndrome was triggered by enterocolitis. An autopsy revealed that focal inflammation in the intestine had almost resolved. Most strikingly, massive infiltration of cluster of differentiation (CD) 68-and CD163-immunopositive macrophages with hemophagocytosis was observed in the bone marrow, spleen, and liver. Less abundant infiltration of CD68-and CD204-immunopositive macrophages without hemophagocytosis was also seen in the lung and intestine. At present, the pathogenetic link between CSF1R mutation and he-* Corresponding author.
Introduction
Hereditary diffuse leukoencephalopathy with spheroids (HDLS) is an autosomal-dominant cerebral white matter disease showing pre-senile cognitive, behavioral, and motor impairment. Mutation in the colony stimulating factor-1 receptor gene (CSF1R) is the only causative factor for HDLS identified to date [1] . CSF1R is mainly expressed in innate immune cells such as monocytes, macrophages, dendritic cells, and microglia in the brain, and CSF-1 signal is considered to play a role in differentiation, proliferation, and functioning of these cells [2] [3]. Therefore, it is very likely that the CSF-1 signal is critically important in the maintenance and functioning of the immune system, but to our best knowledge, no patients with HDLS have been reported to develop immunocompromised status. Herein, we report an autopsy case of HDLS in which the patient died of systemic hemophagocytic syndrome triggered by acute enterocolitis approximately 1 year after onset of HDLS.
Case Report
This case was previously reported by us to carry the p. K793T (c. 2378A > C) mutation in CSF1R [4] . The patient had been healthy until the age of 40, when he was first noted to have difficulty in handling a cellphone, a baby bed, or a child seat. At the first admission at age 40, he showed mild cognitive impairment (Mini-Mental State Examination [MMSE] score: 23/30, Hasegawa Dementia Scale-Revised [HDS-R] score: 22/30), and depressive and anxious mood. His Frontal Assessment Battery (FAB) score was 10/18, indicating frontal lobe dysfunction. At this time, his general health was good and routine blood examination results were unremarkable. By genetic testing of the patient and his parents, he was confirmed to have HDLS by de novo CSF1R mutation.
Since discharge from our hospital, his anxiety and irritation worsened. He often suggested suicidal ideation to his wife, and attempted to go out of his house repeatedly. One month after discharge, he was hospitalized again (his second admission) because of his psychiatric symptoms. Galantamine 8 mg/day was started for controlling behavioral and psychiatric symptoms, and sodium valproate 400 mg/day and olanzapine 3 mg/day were further added. Then, his anxiety and irritation improved temporarily, and he was discharged from our hospital.
His cognitive function declined rapidly in a few months after his second discharge. Depression and anxiety got worse again, and impulsive and violent behaviors with suicidal ideation often appeared. The dose of galantamine and sodium valproate was increased but it was not effective. Just 1 year after onset of cognitive disorder, he was admitted for the third time to our hospital.
On admission, his general physical condition and laboratory examination results were unremarkable. The scores of MMSE (15/30), HDS-R (14/30), and FAB (4/18) had decreased compared with those from his former admission. Frontal release signs, including preservation and disinhibition, were remarkable. Although he was able to walk without any assistance, some of the daily life activities including bathing, clothing, and brushing of teeth were disturbed. Compared with magnetic resonance (MR) images at his second hospitalization 4 months ago, atrophy in the cerebral cortex and corpus callosum progressed (Evans index: from 0.328 to 0.349; corpus callosum index: from 0.215 to 0.183) [5] . Single photon emission computed tomography (SPECT) showed a decrease in the blood flow especially in the bilateral frontal and parietal lobes.
Repetitive and impulsive behaviors, probably due to severe irritation and disinhibition, were prominent. Thus, olanzapine was eventually increased to 20 mg/day and levomepromazine 5 mg/day was added. Thereafter, his psychiatric and behavioral symptoms reduced. Instead, drug-induced parkinsonism including bradykinesia, brachybasia, and frozen gait appeared. Furthermore, he developed excessive sweating and hyperthermia (body temperature, 38˚C) with hyper-CK (creatine kinase)-emia (maximum value: 7667 IU/L). The level of serum C-reactive protein (CRP) was not increased at that point. Olanzapine and levomepromazine were stopped. Fluid transfusion, dantrolene sodium, and bromocriptine mesylate were started. Although hyperthermia and hyper-CK-emia were favorably improved in a few days, constipation and appetite loss occurred and continued thereafter. He did not have abdominal pain and any other symptoms. He admitted to be doing well with no trouble, and continued the physical and occupational rehabilitation as usual.
Unexpected high fever of 42˚C with severe diarrhea and shivering occurred suddenly at the 26th day from his most recent hospital admission (day 1 in Figure 1 ). Escherichia coli (E. coli) harboring extended spectrum beta lactamase (ESBL) were detected in stool and blood cultures, highly suggesting that the intestinal infection expanded to sepsis. Contrary to our expectations, the intensive combination therapy of several antibiotics and immunoglobulin was ineffective (Figure 1) . The same resistant bacteria were detected continuously in a series of blood cultures. Despite repeated transfusion of red blood cells (RBC) and platelets (Plt), their counts gradually decreased, while that of white blood cells (WBC) increased (maximum: 33,430/µL, Table 1 ). Serum CRP (32.74 mg/dL) and ferritin (1631 ng/mL) levels also increased. At day 5 after onset of high fever with severe diarrhea, polymyxin B-immobilized fiber column (PMX)-direct hemoperfusion was done to absorb the endotoxins in the blood, but failed to improve his condition. Bone marrow examination at day 10 showed a small amount of hemophagocytic macrophages. On the 18th day, the number of WBC suddenly decreased to 780/µL, and he died on the same day at the age of 41. Retrospectively, the total duration of HDLS was approximately 13 months and that from onset of intestinal infection to death was 18 days. 
Pathological Findings
Autopsy was performed 1.5 h after death. Macroscopic findings are shown in Figure 2 . The liver weighed 2860 g (including gall bladder). The spleen weighed 285 g. The right and left lungs weighed 970 g and 735 g, respectively. The intestinal mucosa looked almost normal macroscopically. Microscopically, the main pathological lesions were observed in the bone marrow, spleen, and hepatic sinusoids, where a large amount of crowding macrophages or Kupffer cells with hemophagocytosis was seen. Representative histopathology in these tissues is shown in Figure 3 .
Immunohistochemical expression of CD68, CD163, and CD204 on phagocytic cells is presented in Figure 4 . Phagocytic cells positive for a pan-macrophage marker CD68 were found in various tissues irrespective of hemophagocytosis. However, in tissues where hemophagocytosis was conspicuous such as the bone marrow, spleen, and liver, CD68-positive macrophages or Kupffer cells were also positive for CD163 rather than CD204. In contrast, CD68-positive macrophages in the lung and small intestine, without involvement of hemophagocytosis, were largely positive for CD204 rather than CD163 ( Table 2) .
Taken together, the main pathological diagnosis was hemophagocytic syndrome. 
Discussion
The most striking finding in the present case is that the patient died of sepsis and hemophagocytic syndrome with systemic infiltration of macrophages in the early stage of HDLS. His clinical course was extraordinary for HDLS because excessive proliferation of macrophages in systemic organs has never been described in HDLS.
We considered enterocolitis as a trigger of sepsis clinically, but the intestinal mucosa looked well preserved at autopsy. Therefore, we judged that the enterocolitis was cured locally, but the subsequent sepsis and hemophagocytic syndrome with massive infiltration of macrophages were not controlled in this patient. Macrophages are roughly classified into two different subtypes: classically activated (M1)-type and alternatively activated (M2)-type macrophages [6] . M1-type macrophages are differentiated by granulocyte macrophage-colony-stimulating factor (GM-CSF) and promote inflammation. On the other hand, M2-type macrophages, differentiated by macrophage-colony stimulating factor (M-CSF: CSF-1), contribute to suppression of inflammation and repair of injured tissues [7] [8]. CD68 is regarded as a pan-macrophage marker expressed on monocytes, macrophages, Kupffer cells, and microglia [9] [10] . Both CD163 and CD204 are expressed on M2 macrophages, and are generally regarded as M2-macrophage markers [11] [12] . In addition, CD163-positive macrophage is activated in the bone marrow and spleen in the case of sepsis or hemophagocytic syndrome [13] - [15] . Conversely, CD204 is expressed on the tissue-resident macrophages including alveolar and intestinal macrophages, and these cells maintain the local immune system [16] [17] . These observations were faithfully confirmed in our patient, that is, macrophages in the bone marrow, spleen, and liver, where active hemophagocytosis was observed, were largely positive for CD163 rather than CD204. In contrast, macrophages were CD204 predominant in the lung and small intestine, where hemophagocytosis was rarely seen.
We have to consider how the CSF1R mutation is linked with fetal macrophage proliferation in the present case. CSF1R function is generally considered indispensable for the differentiation and proliferation of macrophages [7] [8] . Indeed, it has been reported that macrophages are severely depleted in number or almost absent and their phagocytic functions are profoundly damaged in M-CSF-deficient osteopetrotic (Csf1 op/op ) mice, or CSF1R-disrupted (Csf1r −/− ) mice [18] - [20] . Therefore, it seems unlikely that the dysfunction in CSF1R induces over-proliferation and activation of macrophages.
On the other hand, it is also reported that Csf1 op/op mice develop colitis and sepsis easily and severely [21] . This study argues that CSF-1 dysfunction may disturb IL-10 mediated regulation of the immune defense system against enterocolitis. This might be a possible explanation for intractable enterocolitis in this patient. Because HDLS is considered to result from haploinsufficiency of CSF1R [22] , the pathological features in Csf1 op/op mice could reproduce those of HDLS partly. However, it needs to be kept in mind that not only CSF-1, but also IL-34 can be the ligand for CSF1R.
At present, there is no conclusive proof that CSF1R mutation is causative of fetal hemophagocytic syndrome. In fact, clinical and pathological studies on HDLS have been confined to the brain, but not to systemic organs to date. The co-occurrence of HDLS and hemophagocytic syndrome may be a mere coincidence in our patient. Based on studies on animal models described above, however, the possibility cannot be excluded that CSF1R mutations may be involved in the dysregulation of macrophages in systemic organs. Therefore, we hope that this case report will enhance the general attention to the pathophysiology of systemic organs in patients with HDLS.
Conclusion
We here report an autopsy case of a patient with HDLS who died of systemic hemophagocytic syndrome shortly after onset of HDLS. The present case clearly demonstrates that even in patients with HDLS, uncontrollable proliferation of hemophagocytic macrophages can take place in some specific, but undefined conditions.
